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ABSTRACT 
The current engineering approach to simulating site-specific vertical ground motions 
starts with rock-outcrop horizontal motions, converts them into vertical components using an 
empirical V /H ratio for response spectra, and propagates the resulting motion through the soil 
column as a vertically incident P-wave. In the absence of data on strain-dependent soil 
properties in compressional deformation, strain compatible shear-wave properties from the 
horizontal-component analyses are utilized. This approach makes two assumptions: (1) that 
the vertical motions are primarily composed of compressional waves and (2) That strain-
dependent material properties in shear deformation can be extrapolated to compressional 
deformation. First, the ratio of SV- to P-wave spectra of the vertical component of ground 
motions was investigated, from significant recent California earthquakes, to find the wave 
type predominantly contributing to vertical motions in the frequency range of 0.5 to 12.5 Hz. 
The results indicate that shear waves dominate the vertical motions at frequencies up to 
approximately 10 Hz, above which the contribution of compressional deformation is 
approximately as strong or greater. This result holds for both soil and rock sites. Second, 
using the data from the KiK-net borehole arrays in Japan, nonlinearity in compressional 
deformation was estimated by studying P-wave amplification at variable amplitude levels. 
Frequency shifts, and in some instances reduced amplification compatible with the hysteretic 
softening type of nonlinearity known for shear waves, is found as the amplitude of 
compressional strain increases. 
The results of this study suggest that for most practical applications, vertical motions 
can be modeled as non-vertically propagating SV-waves. This could be implemented through 
iv 
conventional one-dimensional horizontal-component modeling using SHAKE and the 
application of empirical depth-dependent V /H correction factors to account for an inclined 
propagation path. At high frequencies, vertical motions may have to be modeled as near-
vertically propagating P-waves, with strain-dependent properties specifically developed for 
compressional deformation: however, these frequencies may be of lesser importance for 
design applications. 
v 
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Chapter One. INTRODUCTION AND BACKGROUND 
Rationale 
The occurrence of structural failure during se1sm1c events poses a significant 
challenge to the engineering community to build safer structures to withstand ground motions 
and reduce casualties. Although it is commonly assumed that horizontal motions are 
primarily responsible for structural damage, and vertical motions are considered of lesser 
impact, it has recently been observed that vertical motions can even exceed horizontal 
motions at short periods and near-fault distances (<15 km). However, the development of a 
model for characterizing the site-specific vertical motions for use in engineering design has 
been lagging, and the existing model cannot be considered adequate. The current model 
extrapolates vertical motions from rock-outcrop horizontal motions using their experimental 
ratio for response spectra. This method assumes the properties of vertical motions to be 
similar to those of vertically incident P-waves. At high amplitudes, soil nonlinearity starts to 
play an essential role; however, for the lack of empirical data on strain-dependent P-wave 
properties, the modeling of the nonlinear propagation of vertical motions is currently based 
on the properties derived from shear deformation. This creates an internal contradiction, 
which needs to be resolved by analyzing the empirical data on strain-dependent 
characteristics in compressional deformation. 
This research deals with the empirical verification of the above two assumptions used 
in the currently prevalent engineering approach: (1) that vertical motions are primarily 
composed of compressional waves, and (2) that strain-dependent material properties in shear 
deformation can be extrapolated to compressional deformation. 
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The first issue is addressed through investigation of the ratio of SV- to P-wave spectra 
of the vertical component of ground motions. This is performed using recordings of all 
recent significant earthquakes in California. The findings of this research suggest that, 
contrary to the common view, the shear waves dominate the vertical motions in the low-
frequency range, from about 0.5 to 10 Hz, above which the contribution from compressional 
deformation is equal or greater. To address the second issue, data is accessed from the KiK-
net borehole accelerograph arrays in Japan. The nonlinearity in compressional deformation 
is estimated by studying the near-surface amplification of P-waves at various input 
amplitudes. Strain-dependent compressional-wave properties are inferred, which tum out to 
be qualitatively similar to those of shear waves. Through the analyses of this study it is 
suggested that, for most practical applications, vertical motions can be modeled as non-
vertically propagating SV-waves, which may be implemented through conventional modeling 
techniques. At high frequencies, however, vertical motions may need to be modeled as near-
vertically propagating P-waves, with specifically developed strain-dependent properties. 
Thesis organization 
As stated above, the goal of this work is the empirical verification of two assumptions 
- that the vertical motions are primarily composed of compressional waves, and that strain-
dependent material properties in shear deformation can be extrapolated to compressional 
deformation. Throughout the next four chapters, the reasoning behind and the methods used 
to validate these ideas will be explored. 
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Chapter 1 contains the rationale and literature review to include the relevant studies in 
earthquake engineering and seismology. The review includes a short synopsis of the history 
and developments in the areas of vertical ground-motion estimation to include the 
amplification factors, site effects, and soil nonlinearity. The review also contains the 
rationale behind choosing methods of analyses and references to other sources containing 
reviews on related topics. 
Chapter 2 analyzes the contribution of various types of seismic waves to vertical 
ground motions. It presents the investigation of the ratio of SV- to P-wave spectra of the 
vertical component of ground motions from significant recent earthquakes in California. The 
method of analysis is described, which consists of taking the spectral ratio in the respective 
time windows to determine which wave type predominantly contributes to the vertical 
motions in the frequency range of engineering interest (0.5 to 12.5 Hz). 
Chapter 3 discusses the nonlinearity in compressional deformation of soil. The 
analysis in this section employs data from the KiK-net borehole strong-motion arrays in 
Japan to estimate nonlinearity in compressional deformation through the analysis of P-wave 
amplification at variable amplitude levels. 
Chapter 4 presents a discussion of the results, conclusions, and prospects for future 
research. 
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Literature review 
The potential for site conditions to have a strong influence on the intensity of 
earthquake ground motions has been known for almost a century (e.g., Field, 2000). The 
complexity of this topic, however, has left seismologists and engineers in disagreement over 
the interpretation of many aspects of site effects and their influence on ground-motion 
behavior. Site effects, which include amplifications caused by surface topography and lateral 
discontinuities in sedimentary sites, are among the main causes of earthquake damage. 
These effects are essentially related to two physical phenomena: (1) the presence of 
significant discontinuities in seismic-wave velocity near the surface (horizontal interfaces), 
which cause sharp resonances of seismic waves at certain frequencies within the near-surface 
layers, and (2) a vertical velocity gradient, which causes the amplification of upwardly 
propagating seismic waves. These two mechanisms are among the most important causes of 
near-surface amplification, since the upper layers of sediments are always softer than the 
underlying layers and consequently have much lower seismic-wave velocities. Focusing and 
defocusing of seismic waves within certain subsurface geometries, such as sedimentary 
basins, another significant site effect, should be added to the above two causes of 
amplification (Bard and Reipl-Thomas, 1999). The overall resulting amplification has been 
blamed for significant losses during recent destructive earthquakes (Bard and Reipl-Thomas, 
1999). Also, although the near-surface amplification has commonly been assumed to be 
governed by linear laws of elasticity, there has been a long debate on whether nonlinearity 
plays a significant role above a certain threshold level of strain, and whether more effort 
should be spent to understand it (e.g., Beresnev and Wen, 1996). 
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Site response can be estimated using a number of empirical techniques. The studies 
by Borcherdt (1970) pioneered the use of spectral ratios of earthquake recordings. In this 
technique, a soil-site's amplification is determined simply by dividing its observed Fourier 
(or response) spectrum by that at a nearby "reference" site that does not have a site effect of 
its own. The sites composed of firm rock typically serve as reference sites. If this rock site 
is near enough to the soil site, the source and path effects are similar at both locations, and 
taking the ratio effectively isolates the soil-site effect (Andrews, 1986). From these studies, 
other techniques have been derived to estimate site response, including that of Rogers ( 1985), 
who analyzed nuclear explosions by applying statistical clustering techniques to determine 
which geotechnical parameters have the most influence on site response. 
For a lack of earthquake recordings at many important sites of interest, the spectral 
ratio analysis of microseisms and microtremors, or the vibrations of the ground caused by 
natural disturbances, has also been used (Field, 2000). These techniques make use of the fact 
that the spectral ratio of the horizontal to vertical components (HN) of microseisms is able to 
isolate the fundamental-resonance peak in horizontal motions. The usefulness of this 
approach has been proved in many studies, and the approach has become very popular (e.g., 
Kanai, 1983, Hough et al., 1991, Field and Jacob, 1995). The microtremor HN approach is 
unable to provide the correct level of amplification; however, it does indicate the 
fundamental resonance frequency of the site with good accuracy, which is sufficient for 
many engineering applications. 
From the methods used to estimate site-dependent amplification and response spectra, 
models have been generated to account for local geologic conditions in earthquake-resistant 
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design (Borcherdt, 1994). The site amplification factor for a variety of soil conditions is 
typically a function of frequency (Aki, 1993). Aki (1993) points out that soil sites show 
higher amplification than do rock sites for periods longer than 0.2 seconds (frequencies lower 
than 5 Hz). Consequently, peak ground velocity and displacements have higher values on 
soil sites than on rock sites. For shorter periods, however, this relation is reversed. One 
possible explanation for this effect is non-linear soil behavior (Aki, 1993). Beresnev and 
Wen ( 1996) provided a summary of the effects of soil nonlinearity on the amplification. 
These effects are primarily manifested in the reduction in soil amplification as strain 
amplitude increases. This is caused by the typically hysteretic stress-strain relationship in 
soil, which causes more damping as the amplitude increases. 
The above section proposes an interest in studying the site amplification effects of 
vertical motions to improve the current approach to modeling vertical-motion site effects that 
is based on extrapolation from horizontal motions using observed HN ratios. Specifically, 
the existing technique begins with horizontal rock-outcrop motions and applies an empirical 
horizontal-to-vertical (HN) ratio, established from surface records, to convert the horizontal 
motions to the vertical component. The resulting motion is propagated vertically through a 
specified soil column as a compressional (P-) wave, using an appropriate program. This 
method accounts for the possible P-wave nonlinearity by extrapolating the strain-dependent 
data, known for shear waves, into the compressional deformation using the relationships 
between P- and S- waves known from linear elasticity. 
Verification of the two key underlying assumptions, concerning the composition of 
vertical motions and their nonlinear behavior, is fundamental to this study, as well as 
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emerging as an important issue in earthquake hazard mitigation. The goal of this research is 
to establish an empirically based model for the proper characterization of site-specific 
vertical ground motions, which can be applied to a variety of engineering design 
applications. 
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Chapter Two. CONTRIBUTION OF P- AND SV-WAVES TO 
VERTICAL GROUND MOTIONS 
Introductory Remarks and Data Selection 
The proper characterization of site-specific vertical ground motions is of utmost 
importance to a variety of engineering-design applications. The specification of these 
motions, thus far, has been poorly understood. As mentioned above, the currently used 
engineering approach simply extrapolates the vertical motions from horizontal rock-outcrop 
motions using a number of simplifying assumptions. The method applies an empirical 
horizontal-to-vertical ratio obtained from surface records to convert rock-outcrop horizontal 
motions to vertical motion. This vertical motion is then propagated as a compressional (P-) 
wave through a specified soil column using the program SHAKE (Schnabel et al., 1972). 
Nonlinearity in the P-wave is accounted for by extrapolating the strain-dependent velocity 
and damping developed for shear waves into compressional deformation using linear 
relationships between P-and S-wave velocities. This approach supposes that vertical motions 
are primarily comprised of P-waves, which is true for the vertical propagation, but does not 
hold true in the case of even a small non-zero angle of incidence, which would make the 
contribution of SV-waves rather large. 
Thus, the first of the two main goals in this research is to validate the assumption that 
vertical motions are primarily composed of compressional waves. This analysis can be 
performed using the spectra of surface motions in their respective time windows (that of an 
SV-wave and that of a P-wave), from which it is possible to determine the relative 
contribution of compressional and shear waves to vertical motions. The strong-motion 
database of Pacific Engineering and Analysis has provided the data for five of the most 
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significant recent California earthquakes that are utilized in this study. These data include: 
the 1983 M 6.4 Coalinga, 1987 M 6.1 Whittier Narrows, 1989 M 7.0 Loma Prieta, 1992 M 
7.3 Landers, and 1994 M 6.7 Northridge events. A total of 279 soil and 109 rock records 
were utilized and were classified according to the common Geomatrix scheme. The sites 
classified as Geomatrix categories A and B ("generic rock and soft rock") are grouped 
generally as rock sites, and those of categories C and D ("generic soil") were grouped as soil 
sites. Table 1 lists all California earthquake records used in this analysis to include their 
station name and code, distance from the earthquake, peak ground acceleration (PGA), and 
site class information. 
Method and Results 
The first task was to identify the P- and SV-wave windows on the vertical-component 
recordings generated from the borehole accellerograms from the five earthquakes (Figure 1 ). 
The length of the P-wave window varies with distance from the earthquake source. 
Therefore, this window length was measured first, and an identical window length was 
generated for the SV-wave, producing a unique window length for each trace examined. 
Traces with identified windows are shown in Figure 1. The P-wave window begins with the 
onset of the P-wave motion and ends with the arrival of the SV-wave, which is marked by a 
vertical line in each trace. For the selected Coalinga sites in Figure 1, these windows are 6.2 
sec, 6.4 sec, and 2.3 sec in length. Occasionally, some of the accelerogram traces were 
ambiguous, making window selection more difficult, as is shown in Figure 1 c. Under first 
examination of the trace, the arrival of the SV-wave window appears to occur later then is 
selected (approximately 6 sec rather than 2.3 sec). The arrival of two waves can be 
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identified in this trace, the SV-wave, at 2.3 sec, and an additional wave (ground roll) at 6 sec. 
Most traces were not ambiguous, however, and the P- and SV-wave windows were reliably 
and easily identified. 
Table 1. Selected California Events 
Earthquake Station (code) Closest Distance PGA Site-Class 
(km) Cal 
Coalinga (rock) Cholame 2E (tm2) 40.S 0.017 B 
Cholame 3E (tm3) 38.4 0.024 A 
Fault Zone 4 (z04) 34.3 0.046 B 
Fault Zone 6 (z06) 32.8 0.026 B 
Fault Zone 8 (z08) 29.6 O.OS4 B 
Fault Zone 9 (z09) 31.9 0.026 B 
Fault Zone 11 (z11) 28.4 0.042 B 
Fault Zone 1 S (z1 S) 29.9 0.084 B 
Gold Hill 2W (pg2) 36.6 0.036 B 
Gold Hill 3W (pg3) 38.8 0.067 B 
Gold Hill 4W (pg4) 41 0.029 B 
Gold Hill SW (pgS) 43.7 0.034 B 
Stone Corral 2E (sc2) 34.4 0.033 A 
Stone Corral 3E (sc3) 31.8 0.033 A 
Stone Corral 4E (sc4) 29.4 0.03 A 
Vineyard Cany 3W (vyc) 32.3 O.OS6 A 
Vineyard Cany 4W (vc4) 34.6 0.024 B 
Coalinga (soil) Cantua Creek School (cak) 2S.S 0.094 D 
Cholame 1 E (c01) 41.6 O.OS9 D 
Cholame 2WA (c02) 42.8 0.044 D 
Cholame 4AW (c4a ) 46 0.022 c 
Cholame 4W (c04) 44.7 0.041 c 
Cholame SW (cOS) 47.3 0.034 c 
Cholame 6W (c06) 49 0.037 c 
Cholame 8W (c08) S0.7 0.024 D 
Cholame 12W (c12) SS.2 0.023 D 
Fault Zone 1 (cow) 40.4 0.04 D 
Fault Zone 3 (coh) 36.4 0.049 D 
Fault Zone 7 (z07) 31 O.OS4 c 
Fault Zone 10 (z10) 30.4 0.043 D 
Fault Zone 12 (prk) 29.S 0.07 c 
Fault Zone 14 (z14) 29.9 0.097 c 
Fault Zone 16 (z16) 28.1 0.061 c 
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Table 1. Continued 
Gold Hill 1W (pg1) 46.5 0.035 D 
Gold Hill 2E (gh2) 32.3 0.035 D 
Gold Hill 3E (gh3) 29.2 0.054 D 
Gold Hill 6W (pg6) 48 0.054 c 
Vineyard Cany 1 E (pv1 ) 29.5 0.068 c 
Vineyard Cany 2W (vc2) 30.7 0.057 c 
Vineyard Cany 6W (vc6) 41 0.038 c 
Pleasant Valley P.P. - bldg (pvp) 8.5 0.206 D 
Pleasant Vallev P.P. - vard (pvy} 8.5 0.353 D 
Landers (rock) Puerta La Cruz (pie) 95.9 0.038 B 
Calabasas - N Las Virg (vir) 194.1 0.013 B 
Tarzana - Cedar Hill (tar) 175.6 0.026 B 
Sun Valley - Sunland (sul) 162.6 0.012 B 
West Covina - S Orange (sor) 132.4 0.023 B 
Silent Valley - Poppet Flat (sil) 51.7 0.038 A 
Villa Park - Serrano Av 131.4 0.021 B 
Riverside Airport (riv) 96.1 0.04 B 
Duarte - Mel Canyon Rd (mel) 126.4 0.019 B 
San Gabriel - E Grand Ave (gm) 141.6 0.022 A 
Amboy (aby) 69.2 0.09 B 
Twentynone Palms (29p} 42.2 0.04 A 
Landers (soil) Anaheim - W Ball (wba) 134 0.017 D 
Arcadia - Arcadia Av (arc) 137.1 0.015 D 
Arcadia - Campus Dr (cam) 135.5 0.023 D 
Baker Fire station (bak) 88.5 0.056 D 
Baldwin Park- N Holly (nho) 131.6 0.02 D 
Barstow (brs) 36.1 0.066 D 
Bell Gardens - Jaboneria Gab) 153.9 0.016 D 
Big Tujunga, Angeles Nat F (tuj) 144.3 0.015 c 
Boron Fire Station (bor) 90.6 0.054 D 
Brea - S Flower Av (flo) 136.5 0.018 D 
Buena Park - La Palma (bpk) 148.6 0.009 D 
Burbank - N Buena Vista (bue) 162.1 0.023 D 
Chatsworth - Devonshire (dev) 176.8 0.023 D 
Compton - Castlegate ( cas) 161.2 0.02 D 
Covina - W Badillo (bad) 128.3 0.029 D 
Desert Hot Springs (dsp) 23.2 0.167 D 
Downey- Co Maint Bldg (dwn) 157 0.016 D 
El Monte - Fairway Ave (fai) 136.1 0.021 D 
Featherly Park (fea) 121.9 0.026 c 
Fort Irwin (fti) 64.2 0.056 D 
Fountain Valley - Euclid (euc) 148.8 0.014 D 
Glendale - Las Palmas (glp) 147.9 0.027 c 
Glendora - N Oakbank (oak) 122.2 0.03 D 
Hacienda Heights - Colima (com) 136 0.027 c 
Hemet Fire Station (h05) 69.5 0.063 D 
Huntington Bch - Waikiki (wai} 153.3 0.012 D 
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Table 1. Continued 
Indio - Coachella Canal (ind) 55.7 0.012 D 
Inglewood - Union Oil (ing) 166.9 0.015 D 
Joshua Tree Uos) 11.6 0.181 c 
LA - 116th St School (116) 164 0.013 D 
LA - E Vernon Ave (ver) 157.7 0.019 D 
LA - Fletcher Dr (fie) 152.3 0.024 D 
LA - N Figueroa St (fig) 148.7 0.016 c 
LA- Obregon Park (obr) 151.4 0.02 D 
LA - S Grand Ave (gr2) 161.1 0.014 D 
LA- W 15th St ( w15) 161.2 0.015 c 
LA - W 70th St (w70) 167.8 0.014 D 
La Crescenta - New York 147.9 0.014 c 
La Habra - Briarcliff ( brc) 142.8 0.026 c 
La Puente - Rimgrove Av (rim) 132 0.017 D 
Lakewood - Del Amo Blvd (del) 155.8 0.016 D 
LB - Orange Ave (or2) 164.5 0.019 D 
Mission Creek Fault (mcf) 27.8 0.085 --
Morongo Valley (mvh) 19.3 0.16 c 
North Palm Springs (nps) 24.2 0.112 c 
Northridge - Saticoy St (stc) 176.5 0.017 D 
Palm Springs Airport (psa) 37.5 0.108 D 
Pomona - 4th & Locust (pmn) 117 0.035 D 
San Bernardino - E and Hosp(hos) 80.5 0.065 D 
Santa Fe Springs - E Joslin (ejs) 150.4 0.024 D 
Sun Valley - Roscoe Blvd (ro3) 167.8 0.021 D 
Sunland - Mt Gleason Av (gle) 151.1 0.021 c 
Tustin - E Sycamore (syc) 134 0.017 D 
Yermo Fire Station (yer) 24.9 0.136 D 
Loma Prieta (rock) Pulgas (a07) 47.7 0.049 A 
Crystal Springs Res (a09) 46.9 0.049 A 
Skyline (a10) 47.8 0.037 A 
Hayward CSUH (a3e) 57.1 0.047 A 
Anderson Dam (adl) 21.4 0.053 A 
Belmont (bes) 49.9 0.041 A 
Berkeley (brk) 83.6 0.039 A 
BRAN (brn) 10.3 0.507 A 
Cliff House (cfh) 84.4 0.062 A 
Corralitos (els) 5.1 0.455 B 
Coyote Dam Lake (eye) 21.8 0.076 A 
Diamond Heights (dmh) 77 0.043 A 
Fremont Erner. Ct. (fms) 43.4 0.067 B 
Gilroy Array #1 (g01) 11.2 0.209 A 
Gilroy Array #6 (g06) 19.9 0.101 B 
Gilroy Galvilan Coll. (gil) 11.6 0.194 B 
Gilroy Array #7 (gmr) 24.2 0.115 B 
LGPC (lgp) 6.1 0.89 A 
UCSC Lick Obs. (lob) 17.9 0.367 A 
Monterey City Hall (mch) 44.8 0.032 A 
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Table 1. Continued 
Pacific Heights (phc) 81.6 0.031 A 
Piedmont Jr. High (pjh) 78.3 0.026 A 
Presidio (prs) 83.1 0.058 A 
Point Bonita (ptb) 88.6 0.071 A 
Rincon Hill (rin) 79.7 0.029 A 
SAGO South Surface (sg3) 34.7 0.06 B 
Hollister SAGO vault (sgi) 30.6 0.042 A 
Palo Alto SLAG lab (sic) 36.3 0.042 A 
S. San Fran., Sierra Pt. (ssf) 68.2 0.034 A 
UCSC (uc2) 18.1 0.309 B 
Yerba Berna Island (ybi) 80.6 0.028 A 
Loma Prieta (soil) APEEL 2 Redwood City(a02) 47.9 0.083 D 
APEEL 2E Hay. Muir. Sch. (a2e) 57.4 0.095 D 
Agnews State Hospital (agw) 28.2 0.093 D 
Anderson Dam (and) 21.4 0.151 D 
Capitola (cap) 14.5 0.541 c 
Coyote Lake Dam(cld) 22.3 0.095 D 
Gilroy Array #2 (g02) 12.7 0.294 D 
Gilroy Array #3 (g03) 14.4 0.338 D 
Gilroy Array #4 (g04) 16.1 0.159 D 
Gilroy Historic Bldg. (gof) 12.7 0.149 D 
Hollister City Hall (heh) 28.2 0.216 D 
Hollister Diff. Array (had) 25.8 0.154 D 
Hollister -South & Pine (hsp) 28.8 0.197 D 
Halls Valley (hvr) 31.6 0.056 c 
Hayward - BART Sta (hwb) 58.9 0.082 D 
Alameda NAS (nas) 75.2 0.061 D 
Palo Alto 1900 Embarc. (pae) 36.1 0.08 D 
Richmond City Hall (rch) 93.1 0.032 D 
SF Intern. Airport (sfo) 64.4 0.236 D 
Salinas - John & Work (sjw) 32.6 0.101 D 
Saratoga - Aloha Ave. (stg) 13 0.389 D 
Sunnyvale - Colton Ave (svl) 28.8 0.104 D 
Oakland - Title and Trust (tib) 77.4 0.148 D 
Treasure Island (tri) 82.9 0.016 D 
WAHO (wah) 16.9 0.267 D 
North Ridge (rock) Burbank - Howard Rd (how) 16.9 0.085 B 
Castaic - Old Ridge route (orr) 22.6 0.217 B 
Duarte - Mel Canyon Rd.(mel) 51.6 0.046 B 
LA - Baldwin Hills (bid) 31.3 0.091 B 
LA- Chalon Rd (chi) 23.7 0.174 B 
LA - City Terrace (lac) 37 0.135 B 
LA - N Faring Rd (far) 23.9 0.191 B 
LA - Temple & Hope (tern) 32.3 0.097 B 
LA - Univ. Hospita (uni) 34.6 0.119 B 
LA- Wonderland Ave (won) 22.7 0.106 A 
Lake HuQhes #4 - Camp(lh4) 32.3 0.053 B 
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Table 1. Continued 
Lake Hughes #4B - Camp(l4b) 32.3 1.142 B 
Lake Hughes #9 (109) 26.8 0.079 A 
Littlerock - Brainard Can (lit) 46.9 0.034 A 
Malibu - Point Dume Sch (mal) 35.2 0.034 B 
Mt Baldy - Elem. Sch (bal} 71.5 0.037 B 
Mt Wilson - CIT Seis Sta (mtw) 36.1 0.087 A 
Newport Bch Newp & Coast (new) 84.6 0.021 B 
Pacific Palisades - Sunset (sun) 26.2 0.179 B 
Pacoima Dam (pac) 8 0.19 B 
Pacoima Dam (pul) 8 1.229 A 
Pacoima Kagel Canyon (pkc) 8.2 0.169 B 
Point Mugu - Laguna Peak (ptm) 47.6 0.067 A 
Rancho Cucamonga - Deer (cue) 80 0.025 A 
Rancho Palos Verdes - Hawth (ran) 55.2 0.043 A 
Riverside - Airport (riv) 101.3 0.022 B 
San Gabriel - E Grand Ave (gm) 41.7 0.073 A 
Sandberg - Bald Mtn (san) 43.4 0.044 A 
Simi Valley - Katherine Rd (kat) 14.6 0.402 B 
Tarzana, Cedar Hill (tar) 17.5 1.408 B 
Vasquez Rocks Park 9vas) 24.2 0.91 A 
Villa Park- Serrano Ave 9ser) 79.5 0.027 B 
West Covina - S Orange Ave (sor) 54.1 0.049 B 
Whittier - S. Alta Dr. (sal) 51.2 0.024 B 
Wrightwood - Jackson Flat (wwi) 68.4 0.034 A 
Northridge (Soil) Alhambra - Fremont School (alh) 14.5 0.046 D 
Anaheim - W Ball Rd (wba) 71.1 0.048 D 
Anaverde Valley - City R (ana) 38.4 0.044 D 
Arcadia - Arcadia Ave (arc) 42.5 0.083 D 
Arcadia - Campus Dr (cam) 44.2 0.057 D 
Arleta - Nordoff Fire Sta (arl) 9.2 0.552 D 
Baldwin Park- N. Holly Ave (nho) 50.6 0.045 D 
Bell Gardens - Jaboneria Uab) 46.6 0.049 D 
Beverly Hills - 12520 Mulhol (mu2) 20.8 0.314 c 
Beverly Hills - 14145 Mulhol (mul) 19.6 0.444 c 
Big Tujunga, Angeles Nat For (tuj) 24 0.172 c 
Brea - S Flower Ave (flo) 67.3 0.037 D 
Brentwood VA Hosp (bva) 16.3 0.139 D 
Buena Park - La Palma (bpk) 64.6 0.165 D 
Canoga Park - Topanga Ca (cnp) 15.8 0.489 D 
Canyon Canyon - W Lost Cany (los) 13 0.318 D 
Carson - Catskill Ave (cat) 53 0.05 D 
Carson - Water St. (wat) 52.2 0.041 D 
Compton - Castlegate St (cas) 49.6 0.046 D 
Covina - W Badillo (bad) 56.1 0.043 D 
Downey - Birchdale (bir) 40.7 0.058 D 
Downey- Co Maint Bldg (dwn) 47.6 0.146 D 
El Monte - Fairview Ave (fai) 47.7 0.059 D 
Elizabeth Lake (eli) 37.2 0.05 D 
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Table 1. Continued 
Featherly Park - Pk Maint Bldg (fea) 84.2 0.024 c 
Garden Grove - Santa Rica (gar) 68.9 0.104 D 
Glendale - Las Palmas (glp) 25.4 0.127 c 
Glendora N Oakbank (oak) 30.9 0.051 D 
Hacienda Hts - Colima Rd (com) 59.1 0.041 c 
Hemet - Ryan Airfield (hem) 144.1 0.027 D 
Hollywood - Willoughby Ave (wil) 25.7 0.142 D 
Huntington Beach - Lake St (hnt) 79.6 0.018 D 
Huntington Bch - Waikiki (wai) 57.4 0.018 D 
Inglewood - Union Oil (ing) 44.7 0.055 D 
Jensen Filter Plant Uen) 6.2 0.4 D 
LA - 116th St School (116) 41.9 0.061 D 
LA - Centinela St (cen) 30.9 0.109 D 
LA - Century City CC N (ccn) 25.7 0.116 D 
LA - Cypress Ave (cyp) 32.8 0.085 c 
LA - E Vernon Ave (ver) 39.3 0.063 D 
LA- Fletcher Dr (fie) 29.5 0.109 D 
LA - Hollywood Stor FF (hol) 25.5 0.139 D 
LA - N Figueroa St (fig) 33.4 0.097 c 
LA - N Westmoreland (wst) 29 0.093 D 
LA - Obregon Park (obr) 37.9 0.115 D 
LA - Pico & Sentous (pie) 32.7 0.065 D 
LA - S Grand Ave (gr2) 36.9 0.094 D 
LA - S Vermont Ave (vrm) 34.7 0.165 D 
LA - Saturn St (stn) 30 0.097 D 
LA- W 15th St (w15) 32.4 0.051 c 
La Crescenta - New York 22.3 0.106 c 
La Habra (brc) 61.6 0.056 c 
La Puente - 504 Rimgrove Ave (rim) 58.9 0.048 D 
Lake Hughes #1 (lh1} 36.3 0.099 c 
Lake Hughes #12A (h12) 22.8 0.121 c 
Lakewood - Del Amo Blvd (del} 59.3 0.058 D 
Lawndale - Osage Ave (loa) 42.4 0.053 D 
LB - Rancho Los Cerritos (lbr) 54.3 0.039 D 
Leona Valley #5 (lv5) 38.3 0.097 c 
Leona Valley #6 (lv6) 38.3 0.062 D 
Manhattan Beach - Manhattan (man) 42 0.131 c 
Montebello - Bluff Rd (bit) 12.3 0.076 D 
Moorpark - Fire sta (mrp) 28 0.159 D 
N Hollywood - Coldwater Can (ewe) 14.6 0.289 c 
Neenach - Sacatara Ck (nee) 53.2 0.047 D 
Newhall - Fire sta (nwh) 7.1 0.29 D 
Northridge - 17645 Saticoy St (stc) 13.3 0.368 D 
Palmdale - Hwy 14 (php) 43.6 0.04 c 
Pasadena - N Sierra Madre (smv) 39.2 0.141 c 
Phelan - Wison Ranch(phe) 86.1 0.034 D 
Playa Del Rey - Saran (sar) 34.2 0.055 D 
Rancho Palos Verdes - Luconia (luc )57.4 13.3 0.075 c 
Rinaldi receiving Sta (rrs) 7.1 0.472 c 
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Table 1. Continued 
San Bernardino (ber) 103.1 0.021 D 
San Bernardino E & Hosp (hos) 108.1 0.044 D 
San Jacinto - CDF Fire Sta (cdf) 146.5 0.022 D 
San Marino- SW Academy (sma) 35.1 0.083 D 
Santa Fe Spr - E Joslin (ejs) 52.5 0.052 D 
Santa Monica City Hall (stm) 27.6 0.23 D 
Seal Beach - Office Bldg (sea) 64.9 0.037 D 
Sepulveda VA (spv) 8.9 0.467 D 
Sun Valley - Roscoe Blvd (r03) 12.3 0.306 D 
Sunland - Mt Gleason Ave (gle) 17.7 0.193 c 
Sylmar - Converter Sta (scs) 6.2 0.493 D 
Sylmar - Converter Sta E (see) 6.1 0.493 D 
Terminal Island S Seaside (sse) 60 0.048 D 
Tustin - E sycamore (syc) 85.9 0.025 D 
Wriqhtwood - Swarthout (wri) 71.9 0.034 D 
Whittier Narrows (rock) Brea Dam (brl) 6.2 0.097 B 
Calabasas -N Las Virg (vir) 53.3 0.023 B 
Carbon Canyon Dam (cbn) 26.8 0.058 A 
Chalan Rd (chi) 32.6 0.019 B 
N Faring Rd (far) 28.5 0.019 B 
Las Flores Canyon (las) 46.3 0.015 B 
Point Dume Sch (mal) 65.3 0.029 B 
W Pacific Cst Hwy (wpa) 60 0.029 B 
Mill Creek, Ang. Nat. For. (mtw) 34.5 0.04 B 
Orange Co. Reservior (orn) 23 0.126 B 
Pacific Palisades - Sunset (sun) 38.6 0.035 B 
Pacoima Kagel Canyon (pkc) 37.9 0.055 B 
Riverside Airport (riv) 56.8 0.044 B 
Santa Monica 2nd St (sec) 32.6 0.021 B 
Sun Valley - Sunland (sul) 29.3 0.043 B 
Tarzana, Cedar Hill (tar) 43 0.248 B 
Vasquez Rocks Park (vas) 52.4 0.039 A 
Villa Park - Serrano Av (ser) 30.1 0.046 B 
West Covina - S Orange (sor) 10.5 0.131 B 
Whittier Narrows (soil) Alhambra, Fremont Sch (alh) 13.2 0.03 D 
Altadena - Eaton Canyon (alt) 17.5 0.163 D 
Anaheim - W Ball Rd (wba) 24.4 0.062 D 
Arcadia - Campus Dr (cam) 12.2 0.229 D 
Arleta - Nordhoff Fire Sta (arl) 38.9 0.089 D 
Baldwin Park - N Holly (nho) 11.9 0.08 D 
Bell Gardens - Jaboneria Uab) 9.8 0.095 D 
Beverly Hills 12520 Mulhol (mu2) 27.2 0.068 c 
Beverly Hills 14145 Mulhol (mul) 30.3 0.043 D 
Big Tujunga, Angeles Nat F (tuj) 25.5 0.085 c 
Brea Dam (brd) 23.3 0.094 D 
Burbank - N Buena Vista (bue) 23.7 0.105 D 
Canoga Park - Topanga Can (cnp) 47.4 0.055 D 
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Table 1. Continued 
Carson - Catskill Ave (cat) 28.1 0.037 D 
Carson - Water St (wat) 24.5 0.046 D 
Compton - Castlegate St ( cas) 16.9 0.167 D 
Covina - S Grand Ave (gra) 17.1 0.064 c 
Downey - Birchdale (bir) 56.8 0.23 D 
Downey - Co Maint Bldg ( dwn) 18.3 0.177 D 
El Monte - Fairview Av (fai) 9.8 0.136 D 
Featherly Park - Maint (fea) 38.6 0.05 c 
Fountain Valley - Euclid (euc) 35 0.049 D 
Glendale - Las Palmas (glp) 19 0.143 c 
Glendora _ N Oakbank (oak) 69.7 0.071 D 
Hacienda Heights - Colima (com) 10.5 0.096 c 
Hemet Fire Station (h05) 105 0.027 D 
Huntington Beach - Lake St (hnt) 42.8 0.027 D 
Inglewood - Union Oil (ing) 25.2 0.069 D 
LA- 116th St School (116) 22.5 0.105 D 
LA- Centinela St (cen) 27.7 0.032 D 
LA - Century City CC North (ccn) 31.4 0.039 D 
LA - Century City CC South ( cts) 31.3 0.021 D 
LA- Cypress Ave (cyp) 11.4 0.084 c 
LA - E Vernon Ave ( ver) 10.8 0.086 D 
LA - Fletcher Dr (fie) 14.4 0.103 D 
LA - Hollywood Stor FF (hol) 25.2 0.07 D 
LA - N Figueroa St (fig) 11.4 0.169 c 
LA - Westmoreland (wst) 16.6 0.084 D 
LA- Obregon Park (obr) 13.9 0.144 D 
LA - S Grand Ave(gr2) 14.5 0.122 D 
LA - Saturn St (stn) 20.8 0.041 D 
LA- W ?0th St (w?O) 16.3 0.077 D 
La Crescenta - New York (nya) 22.7 0.09 c 
La Habra - Briarcliff (brc) 13.5 0.064 c 
La Puente - Rimgrove Av (rim) 11.9 0.076 D 
Lake Hughes (lh1) 74.7 0.035 c 
Lakewood - Del Amo Blvd (del) 20.9 0.126 D 
Lancaster - Med Off (lmd) 69.5 0.027 c 
Lawndale - Osage Ave (loa) 25.1 0.031 D 
Harbor Admin (har) 34.2 0.028 D 
Orange Ave (or2) 18.3 0.136 D 
R. Los Cerritos (lbr) 26 0.084 D 
Recreation Park (rec) 30.5 0.038 D 
Leona Valley #5 (lv5) 61.3 0.029 c 
Leona Valley #6 (lv6) 64.8 0.024 D 
Moorpark - Fire station (mrp) 27.1 0.019 D 
N Hollywood - Coldwater Can (cwc)30.8 31.2 0.059 c 
Newhall - Fire Sta (nwa) 55.2 0.038 D 
Newhall - W Pico Canyon (wpi) 57.1 0.035 c 
Northridge - Saticoy St (stc) 39.8 0.084 D 
Norwalk - Imp Hwy, S Grnd (nor) 17.2 0.096 D 
Pacoima Kaqel Canvon USC (kaq) 34 0.076 D 
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Table 1. Continued 
Panorama City - Roscoe (ro2) 33 0.079 D 
Pasadena - Brown Gym (brg) 15.5 0.161 D 
Pasadena - CIT Athenaeum (pas) 15.4 0.125 D 
Pasadena - CIT Bridge Lab (bri) 15.5 0.132 D 
Pasadena - CIT Calif Blvd (ccb) 15.5 0.171 D 
Pasadena - CIT lndust. Rel (cir) 15.5 0.184 D 
Pasadena - CIT Keck Lab (kec) 15.5 0.096 D 
Pasadena - CIT Kresge Lab (kre) 17.4 0.081 D 
Pasadena - CIT Lura St (lur) 15.5 0.236 D 
Pasadena - CIT Mudd Lab (mud) 15.5 0.134 D 
Pasadena - Old House Road (old) 14.5 0.102 c 
Playa Del Rey - Saran (sar) 28.8 0.018 D 
Pomona - 4th and Locust ( pmn) 28.8 0.055 D 
Rancho Cucamonga - Law & J 44.3 0.044 D 
Rancho Palos Verdes - Luconia (luc) 37.3 0.017 c 
Rosamond - Goode Ranch (ros) 86 0.021 c 
San Marino, SW Academy (sma) 14.7 0.142 D 
Santa Fe Springs - E Joslin (ejs) 10.8 0.206 D 
Studio City - Coldwater Can (co2) 28.7 0.073 D 
Sun Valley - Roscoe Blvd (ro3) 32.6 0.093 D 
Sunland - Mt Gleason Ave (gle) 27.5 0.072 c 
Sylmar - Olive View Med (syl) 47.7 0.042 D 
Terminal Island - S Seaside (sse) 35.7 0.021 D 
Torrance - W 226th St 31.4 0.024 D 
Whittier N. Dam upstream (whd) 12.3 0.505 D 
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Figure 1. Selected accelerogram traces with identified P-wave window for Coalinga 5/02/83 
earthquake: (a) Parkfield-Gold Hill rock site, (b) Parkfield-Gold Hill soil site, (c) Parkfield-
Fault Zone rock site. All traces display the trace for the vertical component at the top, and 
horizontal components with azimuths (shown at the end of each trace label) at middle and 
bottom. 
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Figure 1. Continued 
Following the identification of the P- and SV-wave windows for the 279 soil and 109 
rock records, the ratio of their smoothed Fourier spectra (SV/P) is calculated in the frequency 
range of 0.5 to 12.5 Hz using a standard Fortran fast Fourier Transform (FFT) program. All 
traces were re-sampled to a lowest common sampling interval of 0.02 sec, which determined 
the frequency limit of 12.5 Hz for the spectral-ratio calculations. 
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Figure 2. Average ratios of Fourier spectra of SV- and P-wave windows on vertical component 
of ground motions: (a) California soil sites, (b) California rock sites, (c) Statistical test of 
difference between soil and rock means. 
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Figure 2 presents the average spectral ratios between the SV- and P- wave windows of 
the vertical component for (a) soil and (b) rock site, with a 95% confidence interval of the 
mean and one standard deviation. On average, the ratios show that the SV- wave dominates 
the vertical motions at lower frequencies at both soil and rock sites. The SV- wave 
contributes progressively less with higher frequencies, until, at a frequency of approximately 
10 Hz, the average P-wave contribution is about equal. 
For most frequencies, there is no statistical difference between soil and rock sites. 
The mean rations at soil and rock sites are compared using a statistical t-test of the difference 
between the soil and rock means, shown in Figure 2c. The bands around the curves are 
arranged in such a way that, where they do not overlap, the difference between the means is 
at a 95% confidence level. The rock ratios (solid lines) are shown to slightly exceed the soil 
ratios (dotted lines) between approximately 0.7 and 3 Hz. At the other frequencies shown, 
there is no statistical difference. 
In order to discriminate between the distance and nonlinearity effects, additional 
analyses of the data were performed. The above ratios were grouped into distance ( < 15 km 
and> 15 km) and peak acceleration(< 0.1 g and >0.4 g) bins, for both rock and soil sites, 
where g is the acceleration due to gravity. It was shown that neither rock nor soil sites 
displayed any significant differences between the distance and acceleration groups, including 
within of 0.7 and 3 Hz range. The only noticeable difference in this analysis was between 
the rock and soil ratios, similar to the result seen in Figure 2c. This led to the conclusion that 
site category (rock vs. soil) is the only significant factor affecting the ratios considered. A 
plausible explanation of lower ratios on soil could be the higher attenuation in S-waves, 
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which reduces their contribution relative to P-waves. An alternative explanation could be in 
the effect of near-surface refraction, which is greater at soil sites due to a higher velocity 
gradient, which would reduce the contribution of SV-motion (see also inset in fig. 3). Based 
on Figures 2a and 2b the frequency range can thus be separated in terms of a controlling 
wave type for the vertical motions. The frequency range separation falls into two intervals: 
that below - 10 Hz, where SV-waves dominate, and that above - 10 Hz, where P-waves are 
at least equally strong or dominant. This separation corresponds to a crossover period of 
about 0.1 sec, at which the nature of the vertical motions changes. 
Discussion 
Note that, even if the P-waves dominate the high frequencies, this may not be seen as 
a clear decrease in the SV/P ratio below unity. One should keep in mind that, unlike the P-
wave window that is almost entirely composed of P-waves, the SV-wave window is a 
superposition of SV-waves over a tail of P-waves. If the distance from the source is 
sufficiently short, there will be significant P-wave energy extending into the SV-wave 
window. At the frequencies where P-waves dominate, one then will essentially divide the P-
wave spectrum by the P-wave spectrum, obtaining values close to one. The lower values can 
only be expected at longer distances, where only an insignificant portion of P-wave energy 
overlaps with SV-waves. This shows that the only inference to be made from the value of 
SV/P ratio close to unity is that the P-wave is at least as strong as the SV-wave, whereas in 
reality it may be the dominant motion. The fact that P-waves may dominate the frequencies 
above - 10 Hz is supported by the data in Figure 3 (see following discussion). 
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Darragh et al. (1999) studied the depth variation in the response-spectral ratio 
between the vertical and horizontal (VI H) components of ground motions using the data from 
ten vertical arrays in California, Japan, and Taiwan. The data were grouped into six depth 
bins, and the average ratio was calculated for each of them. Figure 3 presents the average 
ratios, normalized by those at the surface. The ratios outline two distinct frequency bands 
where the depth behavior is different. At short periods, the ratios at depth are systematically 
smaller than those at the surface, whereas at long periods they are larger. The crossover 
period is between 0.1 and 0.2 sec, coinciding with the above frequency separating the SV-
and P-wave contributions. The frequency-dependent depth behavior, found by Darragh et al. 
( 1999), is also explained by the corresponding change in the wave type controlling the 
vertical component. As the inset in Figure 3 schematically demonstrates, the P-wave 
contribution increases and SV-wave contribution decreases as the wave path bends toward the 
surface. 
At frequencies where SV-waves dominate (longer periods), one will then find the 
vertical component increasing with depth, while at those where P-waves dominate (short 
periods) there will be the opposite pattern. These patterns are seen to the right and to the left 
of the period of about 0.1 sec in Figure 3. This transition is shown as marked by a vertical 
line at the top of Figure 3. Note that the horizontal component, dominated by SH-waves, will 
remain unaffected. The data, showing the decreasing effect of SV-waves on vertical motions 
as frequency increases, are thus consistent with the observed depth dependence of V IH ratios 
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Figure 3. Average VIH response-spectral ratios (5 % damping) for six depth ranges, 
combined from observations at ten borehole accelerograph arrays. The ratios are normalized 
by the surface ratio, which plots as the solid line at unity (after Darragh et al., 1999). The inset 
explains how the contribution of particle motions in SV- and P-waves changes as propagation 
path bends toward the surface. The vertical line marks the transitional frequency at which the 
wave type primarily contributing to the vertical motions changes. 
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Chapter Three. NONLINEARITY IN COMPRESSIONAL 
DEFORMATION 
Introductory Remarks and Data Selection 
The second goal of this research is to outline constraints on nonlinearity in 
compressional soil deformation. This involves validation of the notion that the strain-
dependent material properties in shear deformation can be extrapolated to compressional 
deformation. Nonlinearity allows for changes in both soil properties and response with 
an increase in the level of ground motion. The response of a soil deposit to a seismic 
event is generally strain dependent, and as the strain affecting soil increases, so does the 
level of ground motion. At a certain level of deformation, though, soil response becomes 
nonlinear and hysteretic, leading to an increased level of hysteretic damping. As a result, 
a reduced level of amplification should occur due to this amplitude dependent damping. 
The other consequence of nonlinearity typically observed in soil is the decrease in shear 
modulus (µ) with an increasing level of strain, resulting in the reduction in shear-wave 
velocity (Vs), since 
Vs= (µ/p) 112 (1) 
where pis the density. The reduced shear-wave velocity, in tum, leads to the decreasing 
resonance frequency of the deposit as the amplitude of strain increases. 
To explore nonlinearity, the near-surface amplification between weak and strong 
motions is compared using the records of surface and downhole seismic instruments. The 
P-wave amplification was calculated by dividing the uphole P-wave spectrum by the 
downhole P-wave spectrum to yield a transfer function for each individual borehole. 
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Data was gathered from the KiK-net, a network of digital borehole arrays in Japan. From 
the KiK-net online database, boreholes were selected containing recordings of both 
"weak" and "strong" ground motions. This classification assumed that the "weak" events 
were those whose whole-trace peak acceleration was below 0.1 g on all components, and 
"strong" events were those whose peak acceleration in the P-wave window was above 0.1 
g on at least one vertical component. Four boreholes were identified that met this 
criteria: OKYH09, SMNHOl, SMNH02 and TTRH02 (using the original KiK-net 
nomenclature). Each of the boreholes penetrated a soil layer, ending in rock, with the 
exception of SMNH02, which penetrated entirely though rock (granite). Figure 4 shows 
the lithology of these boreholes. 
An additional borehole (NARHOl), fell into an "intermediate" category, as its 
peak acceleration in the P-wave window did not exceed 0.1 g. It was included in this 
figure for control purposes. All boreholes are equipped with two instruments: one at the 
surface (Om) and one and a depth of 103m (OKYH09, TTRH02, NARHOl) or 104 m 
(SMNHO 1, SMNH02) The bottom instruments are cased in rock. Table 2 shows the 
parameters of all relevant events, arranged in the order of increasing surface peak ground 
acceleration (PGA). Events that did not fall under the "weak" category are grouped as 
"strong" in Table 2. Once again some events did not develop peak acceleration in the P-
wave window to exceed 0.1 g. Thus, these "intermediate" events will be used for control 
purposes in addition to borehole NARRO 1. 
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Figure 4. Lithology of KiK-net boreholes used in P-wave nonlinearity analyses. Source: 
KiK-net WWW site (http://www.kik.bosai.go.jp/). 
29 
Table 2. Selected KiK-Net Events 
Event Date and Time Magnitude* Epicentral Maximum 
Distance Surface PGA 
km 
NARHOl 
Weak Events 
2000 0602 1506 4.3 24 .012 
2000 0428 1142 4.5 8 .022 
1998 1111 0027 3.7 23 .029 
Strong Event 
1999 0821 0533 5.5 15 .161 
OKYH09 
Weak Events 
2000 1008 0621 3.7 26 .003 
2000 1007 0824 3.7 26 .010 
2000 1030 1558 3.7 26 .011 
2000 1006 1625 3.6 17 .012 
2000 1006 2257 4.4 26 .015 
2000 1105 0300 4.0 2.6 .021 
2000 1006 1654 4.0 26 .023 
2000 1007 0459 4.9 29 .032 
2000 1017 2217 4.6 26 .059 
Strong Event 
2000 1006 1330 7.1 29 .289 
SMNHOl 
Weak Events 
2000 1104 0429 3.5 12 .004 
2000 1220 1004 3.7 12 .006 
2001 0122 1320 3.8 12 .007 
2000 1129 2135 2.9 13 .008 
2000 1104 0715 3.9 12 .013 
200101161806 3.8 16 .013 
2000 1030 1558 3.7 16 .015 
2000 1113 1832 3.9 12 .015 
2000 1219 0618 4.3 12 .018 
2000 1018 0805 3.9 12 .027 
2000 1012 1707 3.9 3 .029 
2000 1104 1048 3.8 12 .038 
2000 1103 1633 4.7 27 .039 
2000 1013 1044 3.6 13 .040 
2000 1014 0336 3.7 3 .042 
2000 1207 2309 4.5 12 .050 
2000 1017 2217 4.6 16 .051 
2000 1006 1957 4.0 3 .060 
2000 1018 1422 3.8 3 .064 
2000 1018 0000 3.4 3 .068 
2000 0717 0800 4.6 17 .072 
2000 1007 0622 4.2 3 .087 
2000 1018 2339 4.0 11 .090 
2000 1010 0226 3.5 3 .092 
2000 1007 0749 4.3 13 .093 
2000 1006 2313 4.4 3 .096 
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Table 2. Continued 
Strong Events 
2000 1017 2210 3.7 3 .108 
2000 1007 1832 4.2 3 .159 
2000 1007 0459 4.9 13 .259 
2000 1006 1330 7.1 13 .735 
SMNH02 
Weak Events 
2000 1007 0638 4.4 28 .008 
2000 1007 0749 4.3 30 .016 
2000 1007 1203 4.5 28 .018 
2000 1006 2129 4.1 21 .024 
2000 1006 1957 4.0 21 .025 
2000 1006 1638 3.5 30 .027 
2000 1007 0459 4.9 30 .039 
2000 1006 2313 4.4 21 .046 
2000 1010 2158 4.6 28 .050 
Strong Event 
2000 1006 1330 7.1 30 .575 
TTRH02 
Weak Events 
2000 1019 0803 3.8 21 .010 
2000 1103 1653 3.7 21 .010 
2000 1129 2135 2.9 8 .011 
2000 1104 1048 3.8 21 .012 
2000 1220 1004 3.7 21 .015 
2001 0122 1320 3.8 21 .015 
2000 1104 0715 3.9 21 .017 
2000 1018 2339 4.0 9 .022 
2000 1113 1832 3.9 21 .023 
2000 1030 1558 3.7 3 .042 
2000 1219 0618 4.3 21 .042 
2000 1207 2309 4.5 21 .064 
2000 1013 1044 3.6 8 .082 
Strong Events 
2001 0116 1806 3.8 3 .103 
2000 1105 0300 4.0 3 .128 
2000 1009 0114 3.5 3 .135 
2000 1017 2217 4.6 3 .163 
2000 1006 1330 7.1 8 .946 
* Definition of magnitude not found on KiK-net WWW site. Apparently, this is the JMA 
(Japan Meteorological Agency) magnitude. 
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The locations of seismic events and boreholes are given in Figure 5. Most are 
clustered in a limited area in the center of the expanded map. The stars, used to indicate 
earthquake epicenters, overlap as the events came from a common source area. The five 
boreholes recorded the Tottori earthquake, the strongest M 7.1 event, which occurred on 
October 6, 2000. The event created a surface PGA approaching 1 g. 
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Figure 5. (Top) Map of Japan with the area (boxed) in which the selected events and 
boreholes are located. (Bottom) Blown-up view of the boxed area. 
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Method and Results 
As stated above, the idea behind nonlinearity analysis is to compare the near-
surface amplification, calculated from the records of surface and downhole instruments, 
between the weak and strong motions. The amplification function is controlled both by 
the wave velocity and damping in soil, which in nonlinear soil become amplitude-
dependent; the difference in the location of resonance peaks and the value of 
amplification between the weak and strong motions will thus indicate nonlinearity (e.g., 
EPRI, 1993; Beresnev and Wen, 1996). 
To perform the amplification-function calculation, a method similar to that 
employed by Beresnev and Wen is used (1995). On baseline-corrected vertical-
component records, the P-wave window is identified and cosine-tapered, the smoothed 
Fourier spectrum is calculated, and the surface P-wave spectrum is then divided by the 
downhole P-wave spectrum. For each borehole, an average weak-motion amplification 
for all weak events listed in Table 2 was calculated. These averaged functions are plotted 
in Figure 6. The thin lines represent the average weak-motion amplification for all weak 
events, while the dotted lines show the 95 % confidence interval of the mean. The 
boreholes are arranged in alphabetical order. Figure 6 also shows the strong-motion 
amplification curves, the thick lines, for each of the events listed as "strong" in Table 2. 
The strong-event origin time and maximum acceleration in P-wave window are listed in 
the upper left and right comers of the plots, respectively. The five boreholes show only 
one event whose P-wave acceleration exceeded 0.1 g; this is the M 7.1 Tottori 
earthquake, which occurred on October 6, 2000, mentioned above. 
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Figure 6. Empirical site amplification functions at KiK-net borehole sites. The 
boreholes are arranged in alphabetical order. The thin line shows the average 
weak-motion amplification for each borehole; the dotted line is the 95 % confidence 
interval of the mean. The thick line is the amplification function for a strong event. 
The origin time of the strong event and its peak acceleration in P-wave window on 
the vertical component (in cm/sec2) are indicated in the upper left and right corners, 
respectively. For each borehole, the strong events are arranged in the order of 
decreasing P-wave acceleration; the weak-motion amplification function is the same. 
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(P-wave accelerations of - 115, 255, 120, and 340 cm/sec2 at OKYH09, SMNHOl, 
SMNH02, and TTRH02, respectively). Figure 7 shows the three components of ground 
acceleration for this event recorded at TTRH02; this borehole recorded the strongest 
motions. All other events fall below the 0.1 g P-wave acceleration level and are arranged 
in the order of decreasing P-wave acceleration. They are used for control purposes, as is 
the borehole NARRO 1. 
The known common manifestations of nonlinearity in S-waves are the shift in the 
resonance frequency to lower values and the reduction in amplification, as the amplitude 
of motions increases, characteristic of the hysteretic "softening" type of nonlinearity 
(Silva, 1986; Beresnev and Wen, 1996; Field et al., 1997; Dimitriu et al., 2000). Figure 7 
shows the S-wave nonlinearity clearly as a nonlinear response of the sand and gravel 
layer at TTRH02 borehole to the shear wave; the period of shear motion becomes visibly 
longer at horizontal components of the surface instrument compared to those in granite at 
depth. The significant decrease in the resonance frequency can be directly shown if the 
shear-wave uphole/downhole spectral ratio is compared to that in weak events (not 
reproduced here). 
Patterns, similar to S-wave nonlinearity, can be seen in P-wave amplification for 
the Tottori event at boreholes OKYH09 (Fig. 6b ), SMNHO 1 (Fig. 6c ), and TTRH02 (Fig. 
6h), or the boreholes that penetrated the soft soil material. A frequency shift of the main 
weak-motion amplification peak of up to 0.7 Hz (at OKYH09) is observed (Fig. 8); the 
reduction in amplification is also seen in Figures 6b and 6h. The magnitude of the 
frequency shift is comparable to that typically observed for shear waves (e.g., Beresnev et 
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al., 1998). The only borehole that does not exhibit a visible shift for the same event is 
SMNH02 (Fig. 6g); however, this is the borehole drilled entirely in hard rock. The 
amplifications measured at boreholes SMNHO 1 and TTRH02 for the "intermediate" 
events (overall peak acceleration exceeding 0.1 g but P-wave acceleration below 0.1 g) 
are plotted in Figures 6d-f and 6i-l. The downward shift in the resonance frequency 
disappears for these events, supporting the argument that the shift observed for the strong 
event is caused by P-wave nonlinearity. Finally, Figure 6a provides one more control 
example. The thick line corresponds to another intermediate event, recorded by borehole 
NARRO 1, with peak P-wave acceleration of 49 cm/sec2. The borehole was drilled in soft 
slate material. The amplification function for this event virtually coincides with the 
average weak-motion amplification. The shifts in resonance frequencies, seen in Figure 6 
for the strongest (Tottori) event, are caused by the nonlinear soil response to 
compressional deformation. The nonlinearity in P-waves is observable at the 
acceleration levels roughly exceeding 0.1 g. The manifestation of the effect is similar to 
that typically observed in S-waves. 
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Figure 7. Three components of acceleration recorded by borehole TTRH02 during the M 
7.1 Tottori earthquake at the surface (left) and 103 m (right). The whole-trace maximum 
acceleration is listed to the left of the traces. 
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Figure 8. Empirical site amplification functions at borehole OKYH09. Nonlinear 
patterns similar to those seen in S-wave nonlinearity can be seen in P-wave amplification. A 
frequency shift of the main weak-motion amplification peak of up to 0.7 Hz is observed, as 
is a reduction in amplification. 
Beresnev and Wen ( 1995) came to a different conclusion when performing 
similar analyses for a strong event recorded by the Lotung borehole array in Taiwan 
drilled in soft sediments. There was no detectable difference between the location of the 
resonance peaks or in the levels of amplification between the "weak" and "strong" 
motions, calculated for the events selected according to the same criterion. The peak P-
wave acceleration was 109 cm/sec2, which is significantly lower that those observed in 
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Figures 6c and 6h and slightly lower than that in Figure 6b. The KiK-net data provide 
evidence supporting the nonlinear response of soil to compressional deformation; to 
further constrain the characteristics of P-wave nonlinearity, similar analyses should be 
performed as more data are collected. 
Discussion 
Reasonable caution should be exercised in ascertaining that the mam weak-
motion resonance peaks, observed as shifting in Figures 6b (OKYH09), 6c (SMNHOl), 
and 6h (TTRH02), are associated with the P-, not S-, waves; however, some presence of 
S-wave energy in the P-wave window cannot be ruled out for extended sources. To look 
into this issue, the theoretical spectral ratios were calculated between the surface and 
bottom instruments for the above boreholes of interest. The ratios were calculated using 
the reflection/transmission matrix method of Kennett and Kerry (1979), assuming a P-
wave incident from below. The borehole P- and S-wave velocity profiles, used for the 
theoretical-response calculations, are available from the KiK-net WWW site (see above) 
and are reproduced in Figure 9. Densities (p) were not reported; they were generated 
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using the empirical Gardner's rule: 
p= aV/14 (2) 
where Vp is the P-wave velocity in m/sec, density is in g/cm3, and a = 0.31 (Sheriff and 
Geldart, 1995, equation 5.15). Also, the absolute value of theoretical ratios will depend 
on the quality factors Q in the profile, which were not measured. However, the choice of 
Q is unimportant for the purposes of this analysis, since interest only lies in the frequency 
of the peaks and not their absolute value. Q is thus arbitrarily assumed to be 100 and 
1000 in the soil and rock layers, respectively. The theoretical spectral ratios for the 
vertical component are presented in Figure 10 for two incidence angles, 0° and 10°. 
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Figure 9. P- and S-wave velocity structures for the three KiK-net boreholes. 
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Figure 10. Theoretical P-wave spectral ratios between the surface and downhole 
instruments for the velocity profiles shown in Figure 9. 
Figure 10 shows that the main weak-motion resonance peaks observed in Figure 6 
are the fundamental (lowest) resonances of the P-wave, with an almost exact match 
between the observed and theoretically calculated frequencies. The variation in the angle 
of incidence leaves the ratios almost unaffected. This calculation supports the conclusion 
that the resonance is in the P-wave motions and that the shift is attributed to P-wave 
nonlinearity. 
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Using the observed resonance-frequency shifts (!if), the corresponding changes in 
the elastic moduli controlling P-wave velocity can be estimated. Using 
Vp = (Ml p)112 (3) 
where 
M =K+ (413)µ (4) 
and Kandµ are the bulk and shear moduli, respectively, the ratio between the strong 
motion modulus (Ms) and weak-motion modulus (Mw) can be written as 
M/Mw = (1 - LJf I fwl (5) 
where fw is the weak-motion resonance frequency (Beresnev et al., 1998, equation 2). 
The modulus M is the "constrained modulus" in geotechnical terminology. The surface 
compressional strain can be estimated from vertical acceleration records, as also 
described by Beresnev et al. (1998). This approach was applied to the frequency shifts 
observed in Figs. 6b, 6c, and 6h. It was assumed that nonlinearity is non-detectable 
(modulus ratio of 1) in Figs. 6a, 6d, and 6i, as the level of acceleration drops. The results 
of these calculations are shown in Figure 11 (solid circles) as the chart of the constrained-
modulus ratio (MslMw) in the surficial layer as a function of strain amplitude at the 
surface. 
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Figure 11. Constrained-modulus reduction effect (solid circles) from P-wave amplification 
data. The EPRI (1993) guidelines for shear-modulus reduction in sand are shown for 
reference (open circles). 
The data exhibit considerable scatter, but illustrate the order of magnitude of the 
modulus-reduction effect. The compressional-strain level marking the transition between 
the linear and nonlinear responses ( ~ 10-3 percent, Figure 11) matches closely that for 
shear waves, as seen from the EPRI (1993) shear-modulus reduction guidelines for sand 
also reproduced in Figure 11 (open circles). The EPRI data are the average over the 
depth range of 0-15 m (0-50 ft). It is not clear whether the strain dependence of the 
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constrained modulus is primarily caused by the respective change in the shear modulus 
(µ) or bulk modulus (K), since the evaluation of M based on resonance frequency 
(controlled by P-wave velocity) does not allow separation of these contributions. 
However, it seems unlikely that compressional strain could significantly alter the shear 
modulus, so one could hypothesize that the reduction in M is primarily caused by the 
reduction in bulk modulus K, while µremains approximately constant. However, this is 
purely speculative at this time. The question, how much will the bulk modulus (K) vary 
with strain, will thus remain open until further investigation. Clearly, more data is 
needed to better constrain the modulus reduction curve (Figure 11) to a more specific 
shape, similar to the curve developed for the shear modulus. The data shown should be 
considered preliminary and used simply to illustrate the order of magnitude of the effect. 
In addition, it should be noted that this analysis assumes isotropic properties in soil and 
rock media, the effects of anisotropy are not analyzed in this study. 
It is clear that the degree of nonlinearity in compressional waves will depend 
significantly on the presence of fluids in porous media, and will likely be limited to the 
sections above water table, based on velocities of P-waves in saturated vs. unsaturated 
material. The P-wave velocity profiles shown in Figure 9 indicate that their top portions 
were above water table at the time of measurements (velocities much lower than the 
speed of sound in water) and probably remained so during the Tottori earthquake, which 
might have aided in the detection of a nonlinear response. 
Nonlinearity in the propagation of P-waves in earth materials is not something 
entirely new. The hysteretic softening nonlinearity has been reported for P-waves with 
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strain as low as 10-8 propagating in dry sandstone (Guyer and Johnson, 1999). From 
those and the present findings, compressional-wave nonlinearity seems to be of the same 
type known for shear waves. It has nevertheless not been observed before in strong 
ground motions with the potential for engineering use. 
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Chapter Four. DISCUSSION 
The failure of structures during seismic events is a significant quandary to the 
engineering community. In order to build safer structures to withstand ground motions and 
to reduce casualties, engineers need a model for the characterization of site-specific vertical 
motions. 
Although it has been assumed in the past that horizontal motions are primarily 
responsible for structural damage, and that vertical motions are of lesser impact, recent 
observations showing that vertical motions can exceed horizontal motions at short periods 
and near-fault distances have brought the significance of vertical ground motions to the 
forefront of seismological research. Through modeling the properties of waves in vertical 
ground motions and analyzing soil nonlinearity, this research has worked to resolve the 
contradictions that are overlooked in current engineering practices 
Conclusions 
In this thesis, vertical-component recordings generated from the borehole 
accellerograms for the five most significant California Earthquakes and data from the KiK-
net digital borehole arrays in Japan have been analyzed with the goal of characterizing 
vertical ground motions. The recordings from the California boreholes were used to identify 
the P- and SV-wave windows on the vertical-component in order to validate the assumption 
that vertical motions are primarily composed of compressional waves. The Kik-net 
recordings were used to outline nonlinearity in compressional soil deformation by validating 
the notion that strain-dependent material properties in shear deformation could be 
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extrapolated to compressional deformation. These analyses have generated results, which 
suggest a need for the existing procedures used in engineering development of site-specific 
vertical motions to be modified. Contrary to the current view, these results have shown that 
shear (SV-) waves dominate vertical motions at frequencies up to approximately 10 Hz. 
Thus, for practical purposes, the design motions should be modeled as near-vertically 
propagating SV-waves, rather than P- waves, as they are traversing the specified soil column. 
At frequencies below 10 Hz, which cover a broad range of engineering applications, the 
equivalent-linear analyses based on SHAKE could first be applied to synthesize the vertically 
propagating SH-component. To convert the simulated SH-motion into SV-motion at a 
desired depth, and thus account for the inclined path of realistic SV-wave propagation, 
empirical correction factors, such as those developed by Darragh et al. (1999) (Fig. 3), could 
be used. The strain-dependent soil properties, serving as input parameters to the program 
SHAKE, will be the same assumed for shear waves. 
The simulation algorithm may become different when frequencies higher than ~ 10 
Hz are of interest. As Figure 2 shows, P-waves may become a significant contributor to the 
vertical motions at high frequencies (above 10 Hz). In this case, vertical motions could still 
be modeled with SHAKE but should be modeled as vertically propagating P-waves with 
strain-dependent soil properties that are specific for P-waves. Corrections for non-vertical 
incidence, similar to the above V/H factors but specific for P-waves, would have to be 
applied, however these have not been developed yet. 
Future studies should also address the two following outstanding issues. First, they 
should investigate the SV- to P-wave spectral ratios on vertical components, as in Figure 2, 
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for extended frequency ranges (above 12.5 Hz), in order to observe if the trend toward 
exceedance of P-wave energy persists into higher frequencies. Second, P-wave strain-
dependent soil properties (such as in Figure 11), including damping, should be developed 
independently of shear waves. There are indications that they may be similar to those for 
shear waves. It is possible that even at higher frequencies, vertical motions could be 
modeled as near-vertically propagating SV-waves with sufficient accuracy. If so, simulations 
at all frequencies would be straightforward to implement. 
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